The effects of ethylene evolved from ethephon on leaf and whole plant photosynthesis in Xanthium strumarium L. were examined. Ethylene-induced epinasty reduced light interception by the leaves of ethephon treated plants by up to 60%. Gas exchange values of individual, attached leaves under identical assay conditions were not inhibited even after 36 hours of ethylene exposure, although treated leaves required a longer induction period to achieve steady state photosynthesis. The speed of translocation of recently fixed "C-assimilate movement was not seriously impaired following ethephon treatment; however, a greater proportion of the assimilate was partitioned downward toward the roots. Within 24 hours of ethephon treatment, the whole plant net carbon exchange rate expressed on a per plant basis or a leaf area basis had dropped by 35%. The apparent inhibition of net carbon exchange rate was reversed by physically repositioning the leaves with respect to the light source. Ethylene exposure also inhibited expansion of young leaves which was partially reversed when the leaves were repositioned. The data indicated that ethylene indirectly affected net C gain and plant growth through modification of light interception and altered sink demand without directly inhibiting leaf photosynthesis.
The extent to which ethylene can affect photosynthetic CO2 fixation and potentially alter biomass accumulation and yield has been examined in several papers; however, the results have been inconsistent (10, (12) (13) (14) (15) (16) 22) . Studies ofwhole plant or attached whole leaf gas exchange have indicated that net carbon uptake is reduced in some but not all of the 30 species and cultivars surveyed (10, 12-16, 21, 22) . In contrast, photosynthesis measured by "'CO2 incorporation (19, 20) , manometric gas exchange (6) , or polarographic CO2-dependent 02 evolution (19) was not inhibited in leaf discs of several species during periods of high, ACC4-stimulated ethylene production. Similarly, the ratio of photorespiratory to photosynthetic activity in leaf discs was not altered during ACC-' Supported by grants from Agriculture Canada, the Cecil Delworth Foundation, the Natural Sciences and Engineering Research Council of Canada, the Ontario Ministry of Agriculture and Food, the Ontario-Quebec Exchange, and Rose Inc. to M.J.T. and B.G.
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We recently reported (22) that continuous exposure to ethylene derived from ethephon had no effect on steady state photosynthesis and transpiration rates of Lycopersicon esculentum Mill. leaves. The partitioning of recently assimilated '4CO2 into sugar, amino acid, organic acid, and starch pools in the leaf was not altered by ethylene exposure, but during the 24 h following ethephon application there was an alteration in the partitioning of current photosynthate between root and shoot sinks, (e.g. developing flower clusters). Ethephon also caused a rapid epinastic response extending through the petioles and the leaves (22) suggesting that whole plant CO2 exchange (i.e. measured in a whole plant cuvette or a whole leafcuvette enclosing the petiole) could be significantly altered due to the reduction in total light interception (21) .
We have selected Xanthium strumarium L. as the experimental material for this study in order to avoid potentially anomalous conclusions arising from studies (21) on a single ethylene sensitive species such as L. esculentum Mill. X. strumarium L. represents a non-domesticated C3 species from a separate plant family in which ethylene release by photosynthetic leaf tissue in response to CO2 and light has been well characterized (7) . The plants were maintained in a vegetative state throughout the studies to eliminate complications due to the presence of a reproductive sink. In addition to examining the impact of the epinastic response on whole plant photosynthesis, the simple leaf structure of X. strumarium also allowed a more detailed examination of the potential effect of reduced leaf expansion on whole plant CO2 uptake. 
MATERIALS AND METHODS

Ethylene Measurement
Ethylene evolution from leaf discs was determined by gas chromatography as reported previously (20) . All incubations were conducted at 350 smol quanta m-2 s-' and 300 ubar CO2. The release of ['4C]ethylene was determined by absorption into a mercuric acetate solution and liquid scintillation counting (22) .
Steady State Leaf Gas Exchange Measurements
All leaf gas exchange measurements were conducted on individual attached leaves of intact plants in the laboratory as described by Woodrow et al. (22) . Steady state gas exchange of attached control and ethephon treated leaves was monitored at 300 ,bar C02; 2 kPa VPD; 25°C; 700 ,umol quanta m-2 s-' (PPFD, 400-700 nm) constant fluence at the leaf surface. All leaves were allowed to reach maximal rates of CO2 and H20 vapor exchange. Calculations were performed according to von Caemmerer and Farquhar (18) .
"CO2 Labeling and Speed of Assimilate Movement
The "CO2 ("C, half-life = 20.3 min) was generated and detected as described by Grodzinski et al. (8) . The "C isotope of carbon was used as the tracer to allow in vivo detection of carbon movement within the plant and repetitive "CO2 feeds of the same leaf over time (17) . The experimental design was as described by Woodrow et al. (22) .
Whole Plant Gas Exchange
Whole plant CO2 exchange and C gain were monitored continuously as described by Dutton et al. (2) . Individual plants were placed in clear, acrylic whole plant assimilation chambers (0.82 x 0.52 x 0.45 m) illuminated from above by HID sodium halide lamps. Light intensity ranged from 200 to 800 !Lmol quanta m-2 s-' at the floor of the chambers to the top of the plants. A diurnal cycle of 14 h light, 10 h dark was maintained throughout the experiment to mimic that of the previous growth regime. Air maintained at 340 Abar C02 and 23 ± 0.2OC flowed through the cuvettes at a rate of 30 L min.-' Briefly, whole plant NCER was determined by IRGA quantitation of CO2 depletion from a pre-set CO2 level during a short closed cycle. Net C gain or loss was calculated from the IRGA measurements and the CO2 input into the system as monitored by the mass flow controller and a microcomputer (2). Dry weight gain was calculated from the C gain data and a 40% C content of dry, herbaceous plant material (2) .
Leaf angles, laminar light interception, and leaf area were monitored at 12 h intervals during the experiment as described previously (21, 22) . The leaves of the epinastic ethephon treated plants were repositioned to return the leaves to positions approximating pretreatment positions with clear, nylon fishing line looped around the petiole of each leaf. The free end was attached to the wall of the chamber with plasticine and the petiole was protected from the nylon line by small cotton pads (Fig. IC) .
RESULTS
Morphology and Light Interception
Ethephon treatment resulted in visible leaf epinasty in X. strumarium L. within 6 h. The photographs in Figure 1 (Fig. 2 , Te on the abscissa) to achieve 50% of its steady state rate of CO2 exchange).
Profiles of 1 "C-Photoassimilate Translocation Control and ethephon treated plants were exposed to "CO2 2 h (Fig. 3A ) and 24 h (Fig. 3B) after ethephon application. Two h after the application of ethephon, 85% of the recorded counts, reflecting distribution of the exported "C-photoassimilate, were detected in the stem above the node of the feed leaf in both control and treated plants (Fig. 3A) . However, 24 h after application the proportion moving upward toward the apex had dropped to 70% (Fig. 3B) in the ethephon treated plant. Speeds of assimilate movement calculated from the appearance of the "C-assimilate front at the geigers (Table I) indicated that the speed of both upward and downward movement was lower in the ethephon treated plants than in the control plants.
Whole Plant Gas Exchange
The gas exchange behavior of whole plants was monitored for 4 d as NCER and net C gain per plant, and NCER corrected for the total leaf area of each plant. The initial NCER data obtained before treatment (Fig. 4A) daytime CO2 uptake in the control plant (broken line) increased from 0.94 to 1.29 Mmol CO2 plant-' s-' at midday, and the rate of net CO2 exchange during the night period went from -0.20 to -0.39 ,Amol CO2 plant-' s-' (Fig. 4A) demonstrating that the plants continued to grow while in the assimilation chambers. After ethephon application ('E') the daytime NCER of the treated plant (solid line) appeared to drop slightly during the first day concomitant with early epinasty. However, the contrast with the control plant (broken line) was confounded by the afternoon decline in NCER in both plants. After the subsequent night period, epinasty was fully expressed (Fig. 1 B) and the NCER of the treated plant was substantially lower than that of the control plant (Fig.  4A) . The lower rate was maintained through the next day until the leaves were manipulated (at 'P') to their original position. After repositioning, the NCER increased to closely match the rate recorded before ethephon treatment.
Dry Weight Accumulation and Leaf Expansion after Ethephon Treatment
Net C gain (g CO2 plant-') is plotted on the left ordinate and dry weight gain (g dry weight plant-') on the right ordinate of Figure 4B . The slope of the line represents the rate of C gain (positive slope) or C loss (negative slope). The initial rates of daytime C gain and nighttime C loss were equivalent in the two plants. The day following ethephon treatment, the C gain rates diverged, demonstrating that the ethephon treated plant gained C at a slower rate than the control plant. After the leaves of the ethephon treated plant were elevated back to their original positions and NCER was reestablished (P) the total C gain and dry weight gain of the treated plant paralleled that of the control but at a lower absolute value.
The increase in total leafarea for each plant at 12 h intervals is illustrated in Figure 5A . Within 12 h or ethephon, application leaf expansion was reduced; however, after repositioning, expansion of the treated leaves resumed. In Figure 5B NCER has been calculated on a total leaf area basis using the leaf area corresponding to the middle of each 12 h period. Net CO2 uptake per unit leaf area remained constant in the control plant (broken line) over the duration of the experiment. In the ethephon treated plant (solid line) the rate of CO2 uptake per unit leaf area dropped dramatically after ethephon application ('E') but resumed the pretreatment level when the leaves were raised to the control levels ('P').
DISCUSSION
Leaf Gas Exchange
Ethylene evolution from leaf tissue of X. strumarium L. plants sprayed with ethephon remained high and continuous throughout the duration of the gas exchange experiments. The specific activity of the '4C2H4 was constant over 72 h showing that the applied ['4C]ethephon was the source of the ethylene.
Although the ethephon treated and control leaves achieved similar steady state gas exchange rates, they required 4.2 and 2.0 min, respectively, to reach 50% of the final steady state rate of gas exchange (Fig. 2) , indicating that the control and ethephon treated plants were not in the same induction state prior to the assessment of maximal gas exchange capacity. Gross and Chabot (9) demonstrated that Fragraria virginiana Duchesne leaves required up to 1.7 min to reach 65% of a new steady state gas exchange rate after incremental increases in light intensity. In the present study the effect was attributable to the epinastic response of the petioles and leaf blades which effectively removed the leaves from the light source and reduced the incident light fluence during the acclimation period. (16) . The whole plant NCER data provided further evidence that the longer induction period was due to the difference in initial light intensities and not to a true disruption of photosynthetic activity. Although the NCER achieved on the day after ethephon treatment was lower than that of the control, the plants required the same amount of time to reach maximal carbon uptake rates at the start of the light period (Fig. 4A) .
Carbon Partitioning
The "C translocation profiles provide indications of the magnitude of translocation since the data provide speeds of Figure 5 . A, Total leaf area of X. strumarium L. plants determined throughout the whole plant gas exchange experiment; B, corrected whole plant NCER expressed on a leaf area basis of the data described in Figure 4 (control, broken line; ethephon treated, solid line). The laminar NCER value for s~ach day or night period was calculated using the average leaf area value for the period shown in Figure 5A .
photoassimilate movement and not rates of mass transfer. However, studies with tomato (22) demonstrated that the partitioning patterns indicated by "C-profiles were confirmed by '4C02 endpoint distribution studies. The change in partitioning in X. strumarium L. toward the roots reflects the changes in sink demand induced by the ethephon treatment but does not include the effect of flower bud abscission as in previous studies with tomato (21, 22) . The "C-profiles ohtamned with X. strumarium L. also suggest that less photoassimilate (i.e. fewer total counts) was exported by the ethylene treated leaves (Fig. 3) and that the speed of assimilate movement was slower in the treated plants (Table I ). The shapes of the "C-profiles (Fig. 3) were the same for control and treated leaves indicating that loading in the leaf was not perturbed (17) . The leaf gas exchange and translocation data confirm that stomatal conductance, CO2 fixation, and transport of assimilate from the leaf were not seriously perturbed by ethylene exposure, although ethylene altered the partitioning of C within the plant (Fig. 3 and ref. 22) , and reduced total plant C gain and growth (Figs. 4 and 5 ).
Whole Plant Gas Exchange
Incident light interception by a leaf in the field and laboratory is strongly affected by leaf angle (3, 21) . The NCER of ethephon treated plants dropped approximately 35% after ethephon application but returned to pretreatment values when the leaves were elevated back to their original positions (Fig. 4A) , demonstrating that the NCER drop was a function of light interception.
The total C gain (Fig. 4B , left ordinate) and dry weight accumulation (Fig. 4B , right ordinate) were also affected by ethephon treatment. The rate of C or dry matter accumula-tion, dropped on the day following ethephon application when NCER was low. The C (biomass) accumulation rate was reestablished when the leaves were repositioned, again demonstrating that the reduced C gain rate was a function of light interception. Since the whole plant carbon balance directly predicts biomass increase (2, 1 1) it is directly related to crop growth rate in the field (1 1). Ethylene may have a significant impact on plant/crop growth when it is present at levels sufficient to induce responses such as epinasty without directly affecting photosynthesis per unit leaf area. In the field where light distribution is global and more diffuse, other factors such as altered shading patterns within the canopy would have an impact on the magnitude of an ethylene effect on crop or stand growth.
The ethylene treatment inhibited the expansion of young leaves effectively reducing the leaf area of the treated plant relative to the control (Fig. 5A) . The rate of leaf expansion resumed after the leaves had been repositioned (Fig. 5A ) suggesting that inhibition of leaf expansion may in part be due to reduced light interception and photoassimilate required to maintain growth of the expanding leaf tissue, as well as direct ethylene effects on cell growth. The reduction in leaf expansion resulted in a lower total leaf area for CO2 uptake and therefore contributed to reduced growth rates in ethylene treated plants. The NCER data corrected for the measured leafarea values (Fig. 5B) show that whole plant photosynthesis per unit total leaf area was not inhibited when light interception was maintained and that the observed inhibition is a readily reversible response.
The reduction in whole plant net CO2 assimilation observed in our studies with X. strumarium L. is in agreement with the observation that ethylene can reduce net C gain; however, our interpretation (21, 22) differs in the identification of the site of the response to C2H4. We argue that ethylene alters photosynthesis indirectly through modification of the opportunity for CO2 assimilation and alteration of the sink, rather than the photosynthetic capacity of the leaf tissues.
